Article describes the adoption of the Taguchi method in selective laser melting process of sector of combustion chamber by numerical and natural experiments for achieving minimum temperature deformation. The aim was to produce a quality part with minimum amount of numeric experiments. For the study, the following optimization parameters (independent factors) were chosen: the laser beam power and velocity; two factors for compensating the effect of the residual thermal stresses: the scale factor of the preliminary correction of the part geometry and the number of additional reinforcing elements. We used an orthogonal plan of 9 experiments with a factor variation at three levels (L9). As quality criterias, the values of distortions for 9 zones of the combustion chamber and the maximum strength of the material of the chamber were chosen. Since the quality parameters are multidirectional, a grey relational analysis was used to solve the optimization problem for multiple quality parameters. As a result, according to the parameters obtained, the combustion chamber segments of the gas turbine engine were manufactured.
Introduction
At the present time additive production methods are becoming increasingly widespread in the aerospace industry. Selective laser melting (SLM) makes it possible to manufacture parts of complex shape, but in the process of selective laser melting the temperature changes and distribution of temperature loads, which leads to the appearance of residual stresses [1, 2] . In addition, as a result of this thermal history, an anisotropic microstructure is formed. The final properties of the material (e.g. endurance strength and tensile strength) are directly related to the microstructural features of the part, and therefore the presence of residual stresses is unfavorable [1, 3] . The effect of the melting direction on the residual stresses was studied in [4, 5] . As a result of residual stresses from thermal loads, the laser induced synthesis of thin-walled parts generates significant deformations resulting in defective parts. In this respect, the actual task is to develop compensation methods for the residual stresses.
The compensation methods may be conditionally divided into 4 groups: 1.Optimization and correction of the melting process's operating parameters, including the laser power, the laser beam velocity, the beam width, scanning strategy; 2. Optimization of heat removal into the base platform through a substrate; 3. Topological optimization of the structure by adding removable technological elements such as supports to increase the rigidity and to prevent distortion from the thermal stresses effect; 4. Compensation of residual stress effect by introducing the pre-correction of part geometry. The application of the first method is complicated by the fact that it is not always possible to select the sintering mode quickly, as it is necessary to take into account not only the properties of the basic material, but also part's design features. The second method is carried out by selecting the quantity, the cross-section geometry and the location of the heat sink. The latter two methods are particularly effective in growing thin-walled parts, where ensuring rigidity is most important. The preliminary correction can be performed by initial estimating the resultant deformations. In that case part configuration changes by inverting the distortion values multiplied by the configuration correction degree.
Materials, Methods and Equipment
The SLM build-up of the combustion chamber segments from the nickel-chromium metal-powder composition was performed on a selective laser melting machine SLM 280HL.
The measurements were carried out on a coordinate measuring machine DEA GLOBAL Performance. Numerical modeling of the SLM process was performed using the Simufact Additive© v1 software (trial ver.
[6])
For SLM build-up, a metal powder with a fraction size of 40 μm of VV751P mark, the chemical composition of which is given in Table 1 . The detailed experiment of a part's production by SLM method can be found in the works [5, 7] . For the study, the following optimization parameters (independent factors) were chosen: P is the laser power,  is the scanning velocity; two factors for compensation of residual thermal stresses, M is the scale factor for preliminary correction of the part configuration and t is the indicator for the introduction of additional stiffeners (t = 0 means stiffeners are absent, 1 t  -lengthwise stiffeners are introduced, 2 t  -lengthwise and transverse stiffeners are introduced). As dependent factors (quality parameters), the values of maximum and average deformations from the residual stresses effect were selected in 9 surface areas of the combustion chamber segment. The second quality parameter is a value of the ultimate strength for the melting conditions corresponding to the experiments. The values of distortion for various matched melting conditions were obtained by numerical methods using a verified experimental model.
To determine the tensile strength  depending on the operating parameters of laser melting we used a second-order regression model (1). 
Where normalized parameters are written as:
Since it was assumed that the main results of the experiments will be obtained by numerical methods, a full-scale experiment on combustion chamber segment growing was conducted to verify the numerical model of the SLM process and to estimate the calculation error. It was found that the calculated and measured distortion values have a good correlation. The calculated distortion values were further used as process quality parameters to estimate the distortion values on various melting modes. 
Taguchi Quality Method
The key principle of Taguchi quality measurement methods is minimization of changeability (variability) in the technology of part manufacturing in response to noise factors and maximization of variability in response to control factors. The noise factors N are those that are not under the control of the technology, or are not pertain to the optimization problem. Signal factors S are those factors that are established or controlled by the technological process for a specific optimization problem. The goal of the quality improvement can be stated as an attempt to maximize the signal-to-noise ratio (S/N) for the corresponding product. When the task is nominal-is-better, it means to minimize the development of some undesirable characteristics of the product. In our case such characteristics are deformations caused by residual stresses. The S/N ratio should be calculated as follows [8] : 
where i y is the observed value in the experiment, n is the total number of experiments. For our research we chose orthogonal array L9 (4×3) according to Taguchi method [8] ), which represented 9 sets of experiments and contained 4 three-level factors (Table 2) . 
Main Effect Analysis
For main effect analysis we used the following dependence:
where F is the mean S/N ratio of the i-th level of factor F, m is the number of the i-th level of each factor, ij y is the jth S/N ratio of the i-th level, ΔF is the value of the main effects of factor F, and n is the number of the level of each factor. The higher a factor's main effect value, the greater this factor's impact on the system will be.
In accordance with factor's main effect value where 
Analysis of Variance (ANOVA)
ANOVA helps to identify the effects of the individual factors on distortion value as quality characteristics. ANOVA results are presented in Table 3 . Scale factor of configuration correction is excluded due to its low integrity according to parameters value F and p based on preliminary analysis. The lower F value and the higher p value, the more adequate is the assessment of the factor's effect, estimated by the SS deviation value. SS factors are ranged by value in the descending order: 1 , 2 , 3 tP     . Scale factor of configuration correction M due to its low integrity according to F criterion did not was not analysed. The use of the F test compensates for the defects of the Taguchi method experiments, such as failure to identify the effects that the different experiments may have on quality characteristics or the level of experimental errors. Figure 1 shows a graph of the signal-to-noise ratios of quality parameters in orthogonal experiment L9 according to Taguchi. (Figure 1 ) of average quality parameter η shows that the optimal operating SLM conditions of combustion chamber segment corresponds to the parameter value: laser power -325 W, scanning velocity -760mm/min, scale factor value of geometry correction -1 and introduction of additional stiffing elements relevant to maximum level. 
Grey Relational Analysis
For a high quality part an average (and maximum) values of distortion must be minimized and the ultimate tensile strength values must be at maximum. As in this case Taguchi's lower-the-better analysis for quality characteristics is inapplicable due to their diversity, we used grey relational analysis. Grey relational analysis is a method of measurement in the grey system theory, which analyzes the degree and the level of the ratio of heterogeneous parameters for their discrete sequence.
The initial experimental data were first normalized in the range from 0 to 1 in accordance with the principle "the smaller-is-better" for distortion value using the following function: For maximum strength which is characterized by the-higher-the-better normalization was carried out using the following dependence: 
where ij y is the value of maximum strength for j-th experiment, calculated using the dependence (1).
Grey relational coefficient ij
 , which is calculated to define ratio between ideal and factual experiment results may be as follows [8] : , when it becomes too high and therefore increases the value difference of the grey relational coefficient. In general, its value is taken to be 0.5 if all process parameters have equal weight. Table 4 presents the grey relational coefficients for every experiment of orthogonal array L9. The weighting method is then used to integrate the obtained values of the grey relational coefficients ij  for each experiment into an integrated relational evaluation. The overall assessment of multiple quality characteristics is based on an integrated relational evaluation, which is determined by the following dependence:
where i l is the value level of i -h quality characteristic. The resulting integrated relational estimates are shown in Table 4 . The higher the integrated relational rating, the better the result of the experiment, the closer it is to the ideally normalized value. The effect of each parameter of manufacturing process on the integrated relational evaluation at different parameter levels is taken into account separately, whereas the experiment plan is orthogonal.
In Table 4 12 , y y are the maximum values for every experiment according to an average and maximum distortion, taken in 9 areas, 3 y is the value of maximum strength, 1 2 3 , ,
x x x are normalized by dependences (4) and (5) factors. 
